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A cryogenically cooled sample holder has been constructed for use in the analysis of polymeric 
materials by radio frequency glow discharge mass spectrometry (rf-GDMS). Passage of liquid 
nitrogen through the body of a brass sample backing plate cools the sample down to 
temperatures of approximately -170 °C. The cryo-cooled sample holder is readily adaptable to
existing direct insertion probe assemblies commonly used in GDMS instrumentation. The 
benefits of low temperature cooling are illustrated in terms of the ability to analyze thermally 
sensitive polymers without evidence of degradation, greater temporal stability of the ion 
signal, and the reduction of proton transfer reactions to polymer fragment species (due to the 
presence of residual water vapor). Implementation f the cryo-cooled sample holder opens up 
many possibilities for the direct analysis of solid polymers by rf-GDMS. (J Am Soc Mass 
Spectrom 1997, 8, 1214-1219) © 1997 American Society for Mass Spectrometry 
O 
ver the last few decades, a large number of 
analytical methods have been developed for the 
chemical and physical analysis of polymeric 
materials. Techniques are presently available that de- 
termine average molecular weight, mono/polydisper- 
sity, monomer/copolymer identification, viscosity, 
physical structure, porosity, conductivity, and many 
other qualities. Except in the cases in which pyrolysis is 
an integral aspect of the method, an important consid- 
eration in the analysis of polymeric materials is the 
possible thermal degradation of the sample. Thermal 
damage is particularly problematic in the analysis of 
polymer layers, where diffusion and migration would 
alter spatial structure and interface qualities. The pos- 
sibility for both thermal and chemical damage xists in 
those methods where particle bombardment (electrons, 
ions, and photons) are involved. Therefore, it is not only 
sufficient to ensure that the physical form of the mate- 
rial does not change; it is also of key importance that 
particle-induced secondary polymerization r crystalli- 
zation processes that alter the chemical identity of 
polymeric species do not occur. 
Direct solids mass spectrometric analysis of poly- 
mers inherently involves the desorption of material 
from the sample, making the methods destructive by 
nature. Pyrolysis is a common method of volatilizing 
polymers for subsequent ionization of the fragment 
"molecules" in the gas phase by electron impact (EI) or 
field ionization (FI) methods [1]. Because the entire 
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sample is volatilized, pyrolysis is a bulk analysis tool, 
hence it provides no spatial information. Similar to 
pyrolysis, laser vaporization is a means of imparting 
thermal energy, though in a highly localized fashion [2]. 
The small plasma resultant from high energy laser 
ablation serves as a secondary means of ionizing re- 
leased neutral fragments. In general, direct laser abla- 
tion is a "hard" ionization technique that causes appre- 
ciable physical and chemical changes to the polymer 
sample. 
The most widely applied method for direct solids 
analysis of polymers is secondary ion mass spectrome- 
try (SIMS) [3-5]. SIMS utilizes ion bombardment to
sputter fragments of the polymer into the gas phase 
(actually high vacuum), with the subsequent mass 
analysis of charged fragments. The sputter ablation/ 
ionization process in SIMS is a kinetic process, so there 
are possibilities for thermal decomposition f the poly- 
mer. Under typical "static" (low flux) conditions the 
chances of such damage are minuscule. Of higher 
probability is the creation of radical species on the 
sample surface that can, in turn, initiate chemical 
changes in the surface composition. In any case, the use 
of suitable charge compensation methods can make 
bulk and thin films analysis of polymers by SIMS a very 
powerful methodology [6]. 
The authors have recently reported from this labora- 
tory the novel application of radiofrequency glow dis- 
charge mass spectrometry (rf-GDMS) for the bulk and 
depth-resolved analysis of polymeric materials [7]. In 
this approach, low energy argon ions (-20-100 eV) 
sputter the polymer surface in a near-continuous (-95% 
duty cycle) fashion, wherein the liberated neutral flag- 
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ments are subject o collisions with either electrons or 
metastable argon atoms that can affect heir ionization. 
In this respect, rf-GDMS can be thought of as analogous 
to sputtered-neutral mass spectrometry (SNMS) [8], 
except the plasma here inherently performs both the 
ablation and ionization steps. It is important to empha- 
size that the nature of the rf-GD plasma supplies the 
charge compensation process needed for the analysis of 
nonconductive materials [9]. The previous work [7] 
demonstrated that the rf-GD source could produce 
mass spectra that were very similar in makeup to those 
of static SIMS analysis of a variety of fluoropolymers, 
with the advantages of high analyte beam currents 
(~10 -9 A) and much shorter total analysis times (-15 
rain). The rf-GDMS source appears to have much prom- 
ise for depth resolved analyses of polymer films (or 
metallic layers on polymers), having sputtering rates on 
the order of -200 nm/min. 
One definite shortcoming in the use of rf-GDMS for 
the analysis of polymeric materials i the degradation of
thermally sensitive materials under ion bombardment 
at currents up to 2 A [10]. In order for this approach to 
find general utility for the characterization of bulk 
polymers and films, the issue of thermal damage must 
be addressed through cooling of the cathode/sample. 
The use of a liquid nitrogen flow through the sample 
holder is described here. Although cryogenic ooling of 
glow discharge ion volumes has long been known as an 
effective means of reducing the contributions of resid- 
ual gas ions (e.g., air and water related species) in 
GDMS spectra [11-14], the explicit cryogenic ooling of 
the sample is not commonly employed. Early hollow 
cathode glow discharge ion source studies by Daugh- 
trey and Harrison [15] showed quite convincingly, 
though, that cryogenic ooling of the cathode provides 
improved source stability and enhanced sensitivity 
based on the ability to operate at higher discharge 
currents without sample melting. 
Described here is a straightforward approach to the 
cryogenic ooling of polymer samples during rf-GDMS 
analysis. Modification of the direct insertion probe 
(DIP) design to allow for the passage of liquid nitrogen 
through the sample holder on a continuous basis pro- 
vides cooling of the sample to temperatures of approx- 
imately -170 °C. Alleviation of thermal decomposition 
in this manner would be expected to have some other 
attractive features, namely greater temporal stability in 
the analyte ion beams and a reduction of water vapor in 
the gas-phase of the discharge nvironment. The pres- 
ence of the latter is clearly evident in the occurrence of 
protonated polymer fragment ions for materials that do 
not contain hydrogen atoms (i.e., polytetrafluoroethyl- 
ene, PTFE). The data presented here illustrate the sim- 
plicity and utility of this modification with respect o 
increasing the scope of applicability of this technique to 
thermally sensitive materials. It is believed that the 
instrumentation in hand could be employed as a valu- 
able addition to the arsenal of analytical methodologies 
applied in the characterization f polymeric materials. 
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Figure 1. Diagrammatic representation f the cryogenically 
cooled sample holder for rf-GDMS analysis of thermally sensitive 
materials. 
Experimental 
Instrumentation 
The mass spectrometric measurements for each of the 
polymer samples were performed on a commercial 
quadrupole GDMS system (VG GloQuad, VG Elemen- 
tal, Winsford, Cheshire, England). Several modifica- 
tions were necessary for the coupling of a fiat-type 
sample rf-GD ion source to this commercial system, 
primarily involving the implementation of a larger 
interlock chamber to accommodate he 8 cm diameter 
fiat sample holder assembly that was mounted on the 
end of a 12.5 mm diameter DIP. The construction of the 
fiat-type sample holder has been described in detail 
previously [16]. In brief, the assembly allows for the 
analysis of fiat samples with diameters between 5-40 
mm and thickness up to -15 ram. When inserted fully 
into the mass analyzer region, the sample holder assem- 
bly forms the back end of the ionization volume, with 
the rf potential applied to the Cu sample backing disk 
via a feedthrough mounted on the end of the DIP. 
Several modifications tothe existing fiat-type sample 
holder assembly were necessary to allow for additional 
cooling of the polymer samples, as shown in Figure 1. 
The solid copper backing disk was replaced with a 
copper coolant block (height of 12.8 mm) that allowed 
for the passage of 1.5 mm outer diameter (o.d.) stainless 
steel tubing which carries the liquid nitrogen (LN2) 
coolant. Two holes in the polytetrafluoroethylene 
(PTFE) backing plate on either side of the grounding 
cap allowed for the passage of this tubing into and out 
of the sample holder. A similar arrangement existed on 
the door where two compression fittings [6.3 mm inner 
diameter (i.d.)] were welded along side of the DIP 
compression fitting. Two short stainless teel tubes (6.3 
mm o.d) provided mechanical strength for the smaller 
diameter tubing through these compression fittings. 
The LN2 transfer tube was locked into these tubes by 
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two more compression fittings that were welded into 
the 6.3 mm o.d. tube ends. The three extruding tubes, 
one for the DIP and two for the liquid nitrogen tubing, 
were bracketed to ensure proper alignment and a 
smooth translation of the probe. The plumbing circuit 
was completed by placing a set of polyetheretherketone 
(PEEK) ZDV unions (Upchurch Scientific, Oak Harbor, 
WA) between the interlock chamber door and backing 
plate on the nitrogen flow line. The unions avoid any 
electrical conductance from the backing plate to the 
external LN2 transfer lines, eliminating chances for 
electrical shock and difficult impedance matching con- 
ditions. 
The boron nitride (BN) spacer between the sample 
surface and anode orifice plate serves to isolate the 
applied rf potential from the grounded ion volume, 
restricting the plasma sputtering to the sample surface. 
BN was chosen here instead of the previously used 
PTFE because of its much greater thermal conductivity. 
It must be stressed that the ion volume in the VG 
GloQuad is itself cryogenically cooled via a cold-finger 
(termed the cryoplate) in contact with the cell body. A 
10 mm length discharge cell with a width of 10 mm was 
machined from stainless teel and designed to couple 
directly to the cryoplate and exit orifice of the commer- 
cial source [16]. The thermally conductive BN spacer 
and the AI anode plate provide an additional path for 
the removal of heat from the sample surface, in addition 
to the primary cooling applied through the Cu backing 
disk. 
Discharge Conditions and Data Acquisition 
The discharge conditions for this study were held 
constant at an rf power of 25 W and a discharge gas 
pressure of 0.1 mbar Ar. Radiofrequency power was 
supplied by a 13.56 MHz generator and was impedance 
matched by an automatic matching network (Models 
RF-5S and AM-5, respectively, RF Power Products, 
Voorhees, NJ). The mass spectrometric data reported 
here were acquired in the MASSCAL mode of the VG 
GloQuad system, wherein the spectra re recorded in a 
sequential fashion (4-242 Da, 12.5 pts/Da). In this 
system, high ion currents (>10 -12 A) resultant from 
discharge gas and major fragment ions are measured on 
a Faraday plate detector, whereas lower intensity sig- 
nals were determined on a ion multiplier. All polymer 
samples were rinsed with ethanol in order to remove 
surface contamination a d dried at 25 °C for 5 min prior 
to mass spectrometric analysis. 
Results and Discussion 
Applicability to Low Melting Point Polymers 
Although the previous studies of rf-GDMS for poly- 
meric sample analyses dealt with thermally stable flu- 
oropolymers, preliminary studies of many other sample 
types resulted in either melting or outright pyrolysis of 
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Figure 2. rf-GDMS mass pectrum of a I mm thick LDPE sample: 
(a) m/z = 4-44 (Faraday cup detection) and (b) m/z = 45-76 Da 
(ion multiplier detection), rf power = 25 W, Ar pressure = 0.1 
mbar. 
some materials. One such group of materials that is of 
great industrial importance is the polyolefin polymers, 
for example, polyethylene (PE). PE finds wide use in the 
packaging, automotive, agricultural, and household 
sectors. Both low density (LDPE) and high density 
(HDPE) polyethylenes find application in the plastics 
industry. These two forms basically differ by the fact 
that HDPE is a linear polymer, whereas LDPE has a 
branched structure. In terms of practical applications, 
HDPE is characterized asbeing more structurally rigid 
and having higher melting points than LDPE. Prelimi- 
nary attempts in this laboratory in the sputtering of 1 
mm thick LDPE samples resulted in very unstable 
discharge operation and the eventual melting of the 
material within the ion source after only a few minutes. 
While the melting of metallic samples has never been 
problematic with this rf-GDMS device, the melting 
point of this particular LDPE (-80 °C) exposed a defi- 
nite deficiency toward expanded applications of the 
technique. 
The implementation of the cryo-cooled sample 
holder permits the ready analysis of low melting point 
polymers. Figure 2 depicts the low mass region (<80 u) 
of the spectrum obtained for the sputtering of a 1 mm 
thick LDPE sample. [Note that the two spectral plots 
have different intensity scales, with the higher current 
signals (>10 -12 A) being detected on a Faraday plate 
and the lower currents detected with an ion multiplier.] 
Seen in the spectrum is a fragmentation pattern com- 
posed of distinct hydrocarbon units reflecting the cleav- 
age of C-C sigma bonds along the polyethylene back- 
bone. Neglecting the ion signal of the argon discharge 
gas (4°Ar+), the base peak in the spectrum appears at 26 
Da, likely representing a species of the form C2H2, with 
further hydrogenated species (C2Hx, where x > 2) seen 
as well. Gaseous impurities at 28 Da (N2 and CO) and 
29 Da (Nail and COH) may contribute to the observed 
signals, however, their contributions have been shown 
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to be reduced with the implementation of cryogenic 
cooling of the GD source and ensuring high vacuum 
integrity [13], and are not supported by the presence of 
the corresponding free atomic ions (e.g., N and O). The 
next most intense group of ions have four carbon 
structures with varying numbers of hydrogen atoms 
(C4Hx, where x = 1-8). Other than the two- and 
four-carbon species, the mass spectrum of this sample is 
basically featureless. The simplicity of this spectrum is 
interpreted as reflecting the ability of the rf-GD to 
sputter intact ethylene units, without any appreciable 
degradation/dissociation. Clustering and recombina- 
tion of sputtered fragments and atoms is common in 
low pressure plasmas, in fact, agglomeration to the 
point of forming particles is noted in sputter-deposition 
plasmas [17]. Thus, it is not unreasonable tobelieve that 
the ethylene-dimer ions seen in the figure result from 
ion/neutral collisions in the gas phase. The combina- 
tion of the relatively small ion signal for the 12C isotope 
and near-total lack of single carbon-hydrogen (CHx) 
species may then explain the lack of three-carbon frag- 
ments. The variety in the number of hydrogen atoms 
seen in the hydrocarbon units suggests that liberated 
hydrogen and/or  protons are present within the 
plasma. The presence of a large signal at 41 Da (ArH +) 
is evidence of such gas phase reactions. 
A comparison of the rf-GDMS spectrum of the LDPE 
with that obtained via secondary ion mass spectrometry 
is quite enlightening [4]. In both cases, the mass spectra 
are dominated by low-mass (K100 u) species. In the 
SIMS spectrum, groupings of successively arger hydro- 
carbon units are seen ranging from a single to a five- 
carbon system. The base peak in the SIMS spectrum is 
associated with the three-carbon species, with the two- 
and four-carbon hydrocarbons having approximately 
one-half of the intensity, and the five-carbon species 
seen at about one-fourth the intensity of the base peak. 
The propensity for larger clusters to be formed by SIMS 
is evidence of the much more energetic sputtering process 
(>1 keV ions) that effects larger fragment liberation [18] 
than the rf-GD (~100 eV ions), where removal of 
ethylene (monomer) units seems preferential. 
Temporal Stability 
For those polymer samples that are not affected by 
heating under rf-GD sputtering, there are also advan- 
tages in terms of analytical performance. The role of 
sample temperature in ablation characteristics is well 
known in the case of ion beam sputtering of metals in 
SIMS [19]. In these instances, sputtering yields are 
found to increase due to the lowering of the atomic 
binding energies. A different response might be ex- 
pected for the case of sputtering polymers. Here the 
elevated temperatures cause the polymer lattice to 
"relax" such that the momentum transfer from the 
incoming ion is softened, much like hitting a sponge. As 
the heating of the polymer surface will not likely be a 
temporally stable process, one could expect hat even 
small amounts of heating might affect ion signal stabil- 
ity. 
The previous work with fluoropolymers showed that 
the temporal stability of the rf-GDMS was similar in the 
case of sputtering polymers to that of the analysis of 
metals and alloys [7]. Specifically, the raw ion beam 
currents for a range of fragment species and sample 
thickness were better than 5% relative standard evia- 
tion (RSD) over 20 min sputtering periods (following 5 
min stabilization times). A comparative study was 
undertaken to determine whether or not thermal insta- 
bilities existed and if the cryo-cooled sample holder 
might improve the performance of otherwise stable 
polymers. Table 1 summarizes the plasma stability 
characteristics for 1 mm thick PTFE samples puttered 
under the same discharge conditions (rf power = 25 W, 
Ar pressure = 0.1 mbar) with and without cryo-cooling. 
The data are reported in terms of the average intensity 
measured (n = 5) and %RSD over a period of 20 min 
following the 2 min presputtering period. The data are 
separated according to whether the monitored peak 
was characteristic of residual background species (e.g., 
H20 and CO2) or of the fluorocarbon sample (CxFy 
species). In addition, data are reported for those spec- 
tral components that likely arise from plasma contam- 
inants (e.g., protonated fluorocarbons). The signal in- 
tensity ratios between the characteristic (M +) and 
protonated ions (M + 1 +) are also reported. An increase 
in this ratio is interpreted as an indication of lower 
amounts of water vapor released into the gas phase. 
Based on the previous tudies of fluoropolymers [7], 
the differences in plasma stability and spectral charac- 
teristics depicted in Table 1 are quite striking. First, 
given the hygroscopic, inert nature of PTFE, one would 
not expect hat significant changes would be seen for 
the air/water-related species. As such, the reduction in 
the intensities of the gaseous pecies, particularly pro- 
tonated ones, is quite surprising. Given the fact that the 
experimental conditions (e.g., discharge gas supply, 
cryogenic ooling of the ion volume, and presputter 
time and conditions) are the same for both experiments, 
the source of water and carbon dioxide vapors must 
certainly involve the entrapment of such species within 
the open network of the polymer matrix. In the case 
where cooling is not employed, residual gas molecules 
will evolve as the sample is heated during the sputter- 
ing process. When the sample is held at cryogenic 
temperatures, these gases are not volatilized, but will 
alternatively be introduced through the sputtering pro- 
cess. This hypothesis is supported primarily through 
the great reduction in the temporal variation of the 
these ionic species, now very much in line with the 
sputtered analyte (fluorocarbon) species. 
With reference to the fluorocarbon ions, the use of 
cryo-cooling leads to slight increases for the majority of 
the observed CF species, with improvements in tempo- 
ral stability observed across the board. In fact, none of 
the purely CF species how variations of greater than 
3.2% RSD, with most being more stable. The greater 
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Table 1. Intensity, stability, and relative ratios for selected PTFE fragments as a function of sample holder 
Without cryo-cooling With cryo-cooling 
Intensity %RSD Intensity %RSD 
(counts/s) (20 min) M+/(M + 1 )+ (counts/s) (20 min) M+/(M + 1) + 
18H20 1.0E + 07 6.9 4.2E + 05 3.1 
19H30 1.5E + 07 7.9 1.3E + 06 3.5 
28C0 1.2E + 07 17 1.4E + 06 5.6 
29COH 1.2E + 07 16 1.3E + 06 6.5 
44C02 9.5E + 06 17 1.1E + 06 12 
12C 1.9E + 07 2.4 3.0E + 07 1.7 
31CF 1.5E + 09 3.5 51 3.6E + 09 2.7 83 
32CFH 2.9E + 07 12 4.4E + 07 1.0 
69CF3 2.6E + 09 3.2 57 2.9E + 09 1.8 84 
7°CF3H 4.5E + 07 10 3.4E + 07 2.5 
93C3F 3 1.3E + 08 4.8 9.9 1.4E + 08 3.1 13 
94C3F3H 1.3E + 07 7.0 1.1E + 07 3.9 
1°°C2F 4 2.4E + 08 3.6 11 2.9E + 08 2.8 15 
I°IC2F.H 2.1E + 07 20 1.9E + 07 3.2 
~19C2F 5 2.0E + 08 3.6 15 1.9E + 08 3.2 17 
12°C2FsH 1.3E + 07 7.8 1.1E + 07 4.6 
13~C3F 5 4.5E + 08 4.8 19 3.8E + 08 2.2 21 
132C3FsH 2.4E + 07 5.1 1.8E + 07 3.0 
stabilities of the analyte ion signals likely reflect the 
improvements in the plasma sputtering and ionization 
conditions with the removal of the temporally varying 
contributions of water related species [12]. The overall 
improvements in the ratios of the fluorocarbon ions to 
those of their protonated analogs is also evidence of the 
apparent role of trapped gases on polymer material 
analyses. The lower ratios are a result of both higher 
CF-species intensities and lower M + H signals. It must 
be pointed out here that the observed M+/(M + 1) + 
values are higher than would be predicted based on 
12C/13C ratios (90, 45, and 30, respectively, for the one-, 
two-, three-carbon species). In practice, only the single- 
carbon species eem to have ratios that are reflective of 
the M + 1 signal being predominately due to 13C 
contributions. While the two- and three-carbon species 
all show slight improvements with respect o the M+/  
(M + 1 +) ratios, substantial protonation is still evident. 
The difference between these and the single-carbon 
species most likely rests in their having higher proton 
affinities. Experimentally derived proton affinities for 
CxFy species have not been published. On the other 
hand, ab initio calculations by Jorgenson and Cournoyer 
do suggest hat two- and three-carbon CF species would 
have higher values [20]. The lack of knowledge of the 
chemical structure of the species seen here make any 
such comparisons difficult. Although new questions 
have arisen as to the chemistry of CF species, the 
cumulative data of Table 1 point quite clearly to a basic 
improvement in system performance with the imple- 
mentation of the cryogenic sample holder apparatus. 
Conclusions 
Previous studies in the laboratory have shown that the 
radiofrequency glow discharge mass spectrometry 
could be advantageously applied for the direct analysis 
of polymeric materials. The applicability of the tech- 
nique has been greatly increased through the imple- 
mentation of a cryogenically cooled (LN2) sample 
holder. Use of this device permits the direct analysis of 
low melting point polymers uch as the polyethylenes. 
Additional benefits have been realized for thermally 
stable materials with regards to temporal stability and 
the reduced presence of residual gas species (e.g., 
water) in the ionization volume, and subsequent reduc- 
tion of (unexpected) protonated fragment ions. It is be- 
lieved that the use of the cryocooled sample holder will be 
beneficial in future analyses of layered polymer systems 
as well as thermally sensitive glass and ceramic samples. 
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